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13 Abstract‒During severe nuclear accidents, control rods rapidly liquefy at temperatures above 
14 1250 ºC due to eutectic reaction, forming a 304 stainless steel (304SS)-B4C melt. The melt 
15 will relocate and attack surrounding fuel rod claddings made of Zircaloy-4 (Zry-4). To 
16 understand to what extent ZrO2 oxide scale formed on Zry-4 will protect Zry-4 claddings 
17 against 304SS-B4C melt attack, we studied the chemical interactions between pre-oxidized 
18 Zry-4 and 304SS-B4C melt at 1300 ºC. Bare Zry-4 was completely dissolved in 304SS-B4C 
19 melt within 60 min. The presence of ZrO2 oxide scale on Zry-4 significantly delayed the 
20 interactions, especially when ZrO2 oxide scale was dense. Typically, the reaction zone 
21 consists of ZrB2, Zr6(Fe,Ni,Cr)23 and Fe-Ni-Cr metallic phase at room temperature. Due to 
22 the presence of α-Zr and β-Zr in Zry-4 metal matrix, ZrO2 oxide scale becomes 
23 thermodynamically unstable. Dissolution of dense ZrO2 oxide scale can be described in three 
24 stages with different dissolution rates. Dissolution of ZrO2 oxide scale provides Zr source for 
25 the growth of reaction zone. Generally, the thickness of reaction zone linearly increases with 
26 time. Compared with the reaction couples of pre-oxidized Zry-4 and solid 316SS, both ZrO2 
27 dissolution rate and reaction zone growth rate are much slower in the reaction couples of pre-
28 oxidized Zry-4 and 304SS-B4C melt. The corresponding reasons were discussed. 
29 Keywords: 304 stainless steel; B4C; Zircaloy-4; ZrO2 oxide scale; Chemical interactions; 
30 Mechanism; Kinetics
31
232 1. Introduction
33 After the Fukushima Daiichi nuclear disaster occurred on 11 March 2011, the chemical 
34 interactions among reactor core materials again attract intensive attention. A nuclear reactor 
35 core contains various core components. Fuel rods and control rods are among the most 
36 important components. In boiling water reactors control rods consisting of B4C as a neutron 
37 absorber and 304 stainless steel (304SS) as claddings are contained in the cross-shaped 
38 control blades. Fuel rods consist of UO2 as nuclear fuel and Zircaloy-4 (Zry-4) as claddings. 
39 These core materials are not in thermodynamic equilibrium with each other. At normal 
40 operational conditions, the chemical interactions among these core materials are very limited. 
41 At temperatures beyond 1000 ºC, however, the chemical interactions become significant [1–
42 12]. For instance, when temperature reaches 1250 ºC, control rods rapidly liquefy due to 
43 eutectic reaction between 304SS and B4C, forming a 304SS-B4C melt [1,9,11]. The melt will 
44 relocate and attack surrounding Zry-4 channel boxes and then fuel rod bundles contained in 
45 the channel boxes. This may cause local fuel rod failure and thus initiate early release of fuel 
46 and fission products far below the melting point of Zry-4 alloy (~ 1760 °C [13]). Zry-4 
47 claddings are subjected to oxidation in nuclear reactors, generating a ZrO2 oxide scale on the 
48 claddings. However, it is unclear to what extent the ZrO2 oxide scale will protect Zry-4 
49 claddings against 304SS-B4C melt attack. Hofmann et al. [2] and later researchers [5,8,14,15] 
50 studied the chemical interactions between bare/pre-oxidized Zry-4 and solid stainless steel, 
51 revealing that the chemical interactions could be described with parabolic rate laws and that 
52 ZrO2 oxide scale on Zry-4 significantly delays the interactions. Sasaki et al. [3,4] and 
53 Steinbrück et al. [9,11,13] included B4C in the system of Zry-4 and 304SS but only focused 
54 on their chemical behaviours. To date, the chemical interactions between pre-oxidized Zry-4 
55 and 304SS-B4C melt have not been quantitatively investigated. To accurately predict core 
56 degradation phenomena, quantitative descriptions of the chemical interactions between pre-
57 oxidized Zry-4 and 304SS-B4C melt are required. 
58
59 Therefore, in this article, we studied the chemical interactions between pre-oxidized Zry-4 
60 and 304SS-B4C melt at 1300 ºC in steam atmosphere, focusing not only on their chemical 
61 behaviours but also on ZrO2 dissolution kinetics as well as reaction zone formation kinetics. 
62 In reality, both dense and porous oxide scales can be formed on Zry-4, depending on 
63 oxidation time, temperature and atmosphere [16,17]. Therefore, in this work, both dense and 
64 porous oxide scales around 90 μm in thickness were pre-formed on Zry-4 at 1200 ºC in H2O-
365 Ar mixture and H2O-N2-Ar mixture, respectively. Also, bare Zry-4 was investigated for 
66 comparison purposes. The 304SS-B4C melt contains 4.5 wt.% B4C. The B4C content is kept 
67 consistent with core material inventory in Fukushima Daiichi nuclear reactors [18]. 
68
69 2. Experimental
70 2.1. Material preparation
71 2.1.1. 304SS-B4C alloy
72 To produce 304 stainless steel containing 4.5 wt.% B4C, 86.0 g 304 stainless steel powder 
73 (70%Fe-19%Cr-11%Ni, 100 mesh, Alfa Aesar Company) and 4.0 g B4C powder (50 μm, 
74 Wako Company) was mixed and then melted in an Al2O3 crucible at 1300 ℃ for 90 min 
75 under flowing Ar atmosphere (300 ml/min), followed by quenching in water. The master 
76 alloy was then cut into small pieces for later use.
77
78 2.1.2. Pre-oxidized Zry-4
79 To pre-oxidize Zry-4 (94.89%Zr-1.75%Sn-2.31%Hf-1.02%O-0.03%Cr, Nilaco Company), 
80 Zry-4 plates (15.0 × 9.5 × 0.9 mm) were ground with 1200 grit SiC paper, rinsed with 
81 deionized water, cleaned ultrasonically with acetone, dried and then exposed to H2O-Ar 
82 mixture or H2O-N2-Ar mixture at 1200 ºC in a SiC resistance-heated vertical tube furnace 
83 (4.2 cm ID, 100 cm H). A 93-μm-thick dense oxide scale was obtained in H2O-Ar mixture 
84 after an exposure time of 900 s [19]. A 90-μm-thick porous oxide scale with lateral cracks 
85 was obtained in H2O-N2-Ar mixture after an exposure time of 160 s [19]. H2O vapour was 
86 generated by bubbling Ar gas (300 ml/min) through a boiler heated by a water bath at 70 ºC. 
87 Flow rates of H2O, N2 and Ar in both gas mixtures are 82, 300 and 320 ml/min, respectively. 
88 N2 and Ar gases used in this work are highly pure with impurities less than 0.3 ppm.
89
90 2.2. Annealing tests
91 Annealing of bare and pre-oxidized Zry-4 in 304SS-B4C melt was performed in the above 
92 mentioned vertical tube furnace. The experimental set-up was shown schematically in Fig. 1. 
93 The furnace was first heated to 1300 ºC under air and held there for 30 min. Then, a ZrO2 
94 crucible (10.5 mm ID, 28.0 mm H) containing 5 g of 304SS-B4C alloy particles and a piece 
95 of bare or pre-oxidized Zry-4 was suspended in the furnace by a Pt wire at a position of 10 
96 cm away from the top of the furnace, where the temperature was measured around 60 ºC. To 
97 remove impurities, furnace tube was purged with Ar gas at a flow rate of 2.8 L/min for 10 
498 min. Thereafter, the gas was switched to H2O-Ar mixture. 30 minutes later, the crucible was 
99 rapidly lowered to the hot zone of the furnace. After a pre-set time, the crucible was rapidly 
100 taken out of the furnace and cooled in a stream of He gas. The H2O-Ar mixture is the same as 
101 that used for pre-oxidizing Zry-4. The experimental conditions are listed in Table 1. 
102
103 Table 1 Details of the experimental conditions.
Scale thickness Scale type TimeSpecimen
No. (μm) (min)
T1 0 - 60
T2.1 93 Dense 5
T2.2 93 Dense 15
T2.3 93 Dense 60
T2.4 93 Dense 90
T2.5 93 Dense 180
T3 90 Porous 60
104
105 2.3. Post-test examination
106 After annealing, the specimens were mounted in epoxy resin to protect the specimens. Then, 
107 the specimens were cut vertically through the centre of the specimens, mechanically ground 
108 and polished, dried and finally coated with Pt-Au. Thereafter, polished cross-sections of the 
109 specimens were analyzed with an electron probe micro-analyzer (FEG-EPMA JXA-8530F) 
110 equipped with wavelength dispersive spectrometers (WDS). The EPMA was operated at 15 
111 kV voltage and 30 nA current. Fe, Cr, Ni, Zr, Sn, C and O elements were calibrated by 
112 standards of pure Fe, Cr, Ni, Zr, Sn, C and MgO, respectively. Boron was calibrated in Cal-
113 STD mode.
114
115 The chemical interactions between pre-oxidized Zry-4 and 304SS-B4C melt were non-
116 uniform in this work. To measure ZrO2 oxide scale and reaction zone thicknesses as 
117 accurately as possible, we chose the regions with the maximum extent of chemical reactions 
118 and around the regions at least five micrographs for each specimen were taken using the 
119 EPMA in backscattered electrons (BSE) mode. The micrographs were taken at a 
120 magnification of 500 times for specimens T2.1‒T2.3, and 250 times for specimens T2.4 and 
121 T2.5. Since ZrO2 oxide scale and the reaction zone are not uniform in thickness, their average 
122 thicknesses were obtained with the below strategy. Firstly, the micrographs were processed 
5123 with an image analyser (Image-Pro Plus 7.0) to obtain the areas and the lengths of ZrO2 oxide 
124 scale and the reaction zone on each micrograph. Then, dividing the area by the corresponding 
125 length yields the thickness. Average thicknesses of ZrO2 oxide scale and the reaction zone 
126 together with corresponding standard deviations were used to describe chemical interaction 
127 rates. 
128
129 3. Experimental results
130 3.1. Microstructural analysis
131 3.1.1. No oxide scale
132 Bare Zry-4 rapidly interacted with 304SS-B4C melt at 1300 ºC. Fig. 2 shows the 
133 microstructure of the reaction couples annealed at 1300 ºC for 60 min (Test T1). As seen, 
134 bare Zry-4 was completely consumed within 60 min, forming a large and well-defined 
135 reaction zone surrounded by 304SS-B4C solidified melt. This reaction zone is different from 
136 that formed in the reaction couples of Zry-4 and solid stainless steel, where a thin layer was 
137 formed on stainless steel side and a thick layer on Zry-4 side [2,14]. Two distinct regions, i.e., 
138 dark region and bright region, were observed in the reaction zone. Fig. 2b shows an enlarged 
139 view of the dark region near 304SS-B4C solidified melt. Elemental mappings of the dark 
140 region are presented in Fig. 3. Composition analysis shows that the dark region mainly 
141 consists of ZrB2 (A), Zr-Fe-Ni-Cr (B) and Fe-Cr-Ni (C) at room temperature (Table 2). 
142 Composition of the Zr-Fe-Ni-Cr phase was measured to be Zr(Fe,Ni,Cr)3.40. Currently, a Zr-
143 Fe-Cr-Ni quarternary phase diagram is not available in the literature. Therefore, accurate 
144 chemical formula of the Zr-Fe-Ni-Cr phase is unknown. However, we noticed that 
145 (Fe+Ni+Cr)/Zr atomic ratio in the Zr-Fe-Ni-Cr phase is close to the Fe/Zr ratio in Zr6Fe23 
146 formed in the Zr-Fe system (Fig. 4). Therefore, the Zr-Fe-Ni-Cr phase is likely to be 
147 Zr6(Fe,Ni,Cr)23. The Fe-Cr-Ni phase contains minor amounts of B, C and Zr. Its composition 
148 was measured to be FeCr0.30Ni0.05, which has lower Ni but higher Fe and Cr contents than 
149 304SS-B4C solidified melt when excluding B and C components. Zr6(Fe,Ni,Cr)23 was found 
150 to have very different sizes. Some are very coarse while some are very fine. Fine 
151 Zr6(Fe,Ni,Cr)23 coexists with FeCr0.30Ni0.05, forming a typical lamellar structure as indicated 
152 by the dashed circles in Fig. 2b. This suggests that eutectic reaction occurred during 
153 cooldown. Possibly, coarse Zr6(Fe,Ni,Cr)23 was formed at 1300 ºCwhile fine Zr6(Fe,Ni,Cr)23 
154 was formed during cooldown via eutectic reaction. Therefore, we may conclude that at 1300 
155 ºC the dark region of the reaction zone consists of solid ZrB2 (melting point 3245 ºC [20]), 
6156 solid Zr6(Fe,Ni,Cr)23 (melting point 1482 ºC [21]) and Zr-Fe-Ni-Cr melt, which decomposed 
157 into Zr6(Fe,Ni,Cr)23 and Fe-Cr-Ni during cooldown via eutectic reaction indicated by solid 
158 arrow in Fig. 4.
159
160 The bright region located in the centre of the reaction zone is much smaller in area than the 
161 dark region. Fig. 2c shows an enlarged view of the bright region. The bright region mainly 
162 consists of ZrB2 (E), Zr(Fe,Ni,Cr)2 (F), Zr2(Ni,Fe) (G) and Zr5Sn3 (H) (Table 2). Apparently, 
163 Zr and Sn were concentrated in the bright region. Melting points of ZrFe2 and Zr5Sn3 are 
164 1673 ºC [22] and 1985 ºC [23], respectively. Therefore, Zr(Fe,Ni,Cr)2, Zr5Sn3 and ZrB2 are in 
165 solid state at 1300 ºC investigated. According to the Zr-Fe phase diagram, Zr2Fe is formed 
166 via peritectic reaction L + ZrFe2 ⟷ Zr2Fe indicated by dashed arrow in Fig. 4. Therefore, at 
167 1300 ºC the bright region consists of solid ZrB2, solid Zr5Sn3, solid Zr(Fe,Ni,Cr)2, and Zr-Fe-
168 Cr-Ni melt, which was transformed into Zr2(Ni,Fe) during cooldown via peritectic reaction 
169 with Zr(Fe,Ni,Cr)2. A non-continuous thin layer was formed at the edge of the reaction zone 
170 (Fig. 2b, phase D). The thin layer is quite uniform in composition and mainly contains Zr, O, 
171 C and Fe elements (Table 2). Fe signal may be collected from underlying Fe-rich phase. 
172 Therefore, the thin layer may be zirconium oxycarbide (ZrCxOy) [24]. 
173  
174  
175 Table 2 Chemical compositions of the phases indicated in Fig. 1, at.%.
Phases Zr O C B Sn Fe Cr Ni Composition Reported phases
A 30.52 1.81 1.72 65.72 0.00 0.00 0.15 0.09 ZrB2.15 ZrB2 [25]
B 21.60 1.24 1.78 1.53 0.36 56.95 6.67 9.86 Zr(Fe,Ni,Cr)3.40
⁎
Zr6Fe23 [22]
C 0.09 0.00 0.68 0.00 0.00 73.54 21.88 3.80 FeCr0.30Ni0.05 -
D 47.01 14.90 23.37 0.15 0.02 10.88 2.51 1.17 ZrO0.30C0.50 ZrCxOy [24]
E 28.91 0.00 2.71 67.98 0.00 0.00 0.00 0.40 ZrB2.35 ZrB2 [25]
F 29.47 1.28 0.00 1.82 0.14 53.27 7.19 6.82 Zr(Fe,Ni,Cr)2.28
⁎
Zr(Fe,Ni)2 [22] 
G 56.12 4.70 3.60 0.44 0.75 12.07 0.03 22.28 Zr1.64(Ni,Fe)⁎ Zr2(Ni,Fe) [22] 
H 54.47 6.50 5.36 0.39 31.62 0.00 0.00 1.65 ZrSn0.58 Zr5Sn3 [23]
176 ⁎: Atomic percentage of elements in the parentheses decreases from left to right. 
177
178 We also examined the interactions between ZrO2 crucible and 304SS-B4C melt and found 
179 that the ZrO2 crucible was only slightly corroded (Fig. 5). The corroded region is around 250 
180 μm in depth and became a little bit porous. Composition analysis shows that Mn, Si, Al, Cr 
181 and B elements penetrated into the crucible but in minor amounts (Table 3). 
182
7183 Table 3 Chemical compositions of the ZrO2 crucible, wt.%.
 Zr  O  Mn  Si  Al  Cr  B  Ni  Fe 
Porous 71.61 26.66 0.59 0.19 0.22 0.21 0.52 0.00 0.00
Dense 73.28 25.93 0.15 0.08 0.12 0.06 0.37 0.00 0.00
184
185 3.1.2. Dense oxide scale
186 Dense ZrO2 oxide scale formed on Zry-4 was found to significantly delay the interactions 
187 between Zry-4 and 304SS-B4C melt. To clarify microstructural evolution of the reaction zone 
188 formed in the reaction couples of pre-oxidized Zry-4 and 304SS-B4C melt, Zry-4 specimens 
189 covered with a 93-μm-thick dense oxide scale were annealed in 304SS-B4C melt at 1300 ºC 
190 for 5, 15, 60, 90 and 180 min. Fig. 6 shows the microstructure of the reaction couples 
191 annealed for 5 min (Test T2.1). The reaction zone is non-uniform in thickness. On the right 
192 side of the pre-oxidized Zry-4, a long and wide gap existed between the reaction couples, as 
193 indicated by the arrow in Fig. 6a. Therefore, no reaction zone was formed there. On the left 
194 side, a thin reaction zone was observed. Fig. 6b gives an enlarged view of the thin reaction 
195 zone. Clearly, the outmost region of ZrO2 oxide scale was slightly corroded by 304SS-B4C 
196 melt. Elemental mappings show that C, Fe, Cr and Ni diffused into the ZrO2 oxide scale (Fig. 
197 7). However, their distributions are non-uniform. Carbon has the furthest diffusion distance. 
198 Boron content in the reaction zone is negligible but out of the reaction zone formation of 
199 boron-containing phase is inferred according to boron mapping. Oxygen in the reaction zone 
200 became significantly depleted especially in the region where carbon was enriched. The 
201 chemical composition of the corroded zone (spot 1) was measured quantitatively. The 
202 corroded zone mainly consists of ZrC and ZrO2 (Table 4). Similar to the case of bare Zry-4, a 
203 thin ZrC film was formed between the reaction couples. 
204  
205 Table 4 Chemical compositions of spots indicated by plus sign in Figs. 6 and 9, at.%.
Spots Zr O C B Sn Fe Cr Ni Atomic ratio Comment
1 39.51 23.88 27.09 2.16 0.02 5.36 1.13 0.85 ZrO0.60C0.69 ZrC+ZrO2
2 29.48 60.92 5.49 2.91 0.00 0.77 0.17 0.27 ZrO2.05 ZrO2
3 30.36 61.23 5.64 2.34 0.01 0.42 0.00 0.00 ZrO2.02 ZrO2
4 31.93 62.94 4.53 0.00 0.00 0.59 0.00 0.00 ZrO1.97 ZrO2
206
207 Fig. 8 shows the microstructure of the reaction couples annealed for 15 min (Test T2.2). Due 
208 to capillary force, the surface of 304SS-B4C melt was not at the same level on both sides of 
209 pre-oxidized Zry-4. Still, the reaction zone is non-uniform in thickness. Fig. 8b gives an 
8210 enlarged view of the reaction zone with maximum thickness. The reaction zone can be 
211 divided into two distinct regions. The outer region (Ⅰ) consists of the same phases as the 
212 dark region in the case of bare Zry-4 (Fig. 2b). The inner region (Ⅱ) consistes of 
213 Zr(Fe,Ni,Cr)2 and ZrB2. Moreover, in the matrix of ZrO2 oxide scale, Zr2(Ni,Fe) was found to 
214 coexist with Zr5Sn3, which was formed during Zry-4 oxidation [26].
215  
216 Fig. 9 shows the microstructure of the reaction couples annealed for 60 min (Test T2.3). ZrO2 
217 oxide scale near the surface of 304SS-B4C melt continued to thicken during annealing in 
218 steam atmosphere (Fig. 9a). Far from the melt surface, ZrO2 oxide scale stopped growing as 
219 oxygen enrichment in deep melt was limited due to oxygen consumption by carbon and boron. 
220 Fig. 9b shows an enlarged view of the reaction zone located deeply in the melt. The initially 
221 formed reaction zone located between the reaction couples disappeared. Instead, two new 
222 reaction zones were formed. The outer reaction zone is in the matrix of ZrO2 oxide scale and 
223 the inner reaction zone is located between the oxide scale and the metal matrix. The reason 
224 why initially formed reaction zone disappeared is still a mystery. The outer reaction zone 
225 consists of ZrB2, Zr(Fe,Ni,Cr)2 as well as ZrCxOy located at the edge of the reaction zone as a 
226 thin layer. Note that Zr(Fe,Ni,Cr)2 instead of Zr6(Fe,Ni,Cr)23 observed in Figs. 2b and 8b was 
227 formed in the reaction zone. The Fe-Cr-Ni metallic phase is missing in the outer reaction 
228 zone. The inner reaction zone located between the oxide scale and the metal matrix is a 
229 mixture of Zr(Fe,Cr,Ni)2 and Zr5Sn3. Possibly, Fe, Cr and Ni elements diffused toward the 
230 metal matrix of Zry-4 via grain boundaries of ZrO2 oxide scale. Also, we measured the 
231 composition of remaining oxide scale (spots 2–4) and no obvious changes were observed. Fig. 
232 9c shows Zr, O and Fe mappings of the reaction zone. The interface between remaining ZrO2 
233 oxide scale and 304SS-B4C solidified melt is well-defined, suggesting that incorporation of 
234 Fe, Cr and Ni elements into ZrO2 did not occur during annealing.
235
236 Fig. 10 presents Zr and O content profiles in Zry-4 metal matrix along the dashed arrow in 
237 Fig. 9b. As seen, Zr and O contents are quite uniform. No obvious Zr and O content gradients 
238 were observed. Before annealing, the metal matrix of pre-oxidized Zry-4 consisted of α-Zr, 
239 which had an initial thickness of around 85 μm, and β-Zr [19]. Moreover, the α-Zr had sharp 
240 Zr and O concentration gradients. After annealing in 304SS-B4C melt for 60 min, Zry-4 metal 
241 matrix consists of only α-Zr. No β-Zr was observed. The half-thickness of the α-Zr is around 
9242 350 μm. These changes clearly indicate that inward diffusion of oxygen occurred during 
243 annealing and that β-Zr was transformed into α-Zr. 
244  
245 Fig. 11 shows the microstructure of the reaction couples annealed for 90 min (Test T2.4). The 
246 outmost ZrO2 oxide layer observed at 60 min disappeared in the present reaction couples. 
247 Tthe present reaction couples have very similar microstructure as the reaction couples 
248 annealed for 15 min except that Zr2(Ni,Fe) and Zr5Sn3 formed a continuous layer, dividing 
249 ZrO2 oxide scale into two subscales. Note that the Zr2(Ni,Fe) (melting point 974 ºC [22]) is in 
250 liquid state at 1300 ºC. Therefore, the reaction zone may break away from the layer 
251 consisting of liquid Zr2(Ni,Fe) and solid Zr5Sn3. This was observed in the reaction couples 
252 annealed for 180 min (Test T2.5) (Fig. 12a). The reaction zone on the left side of Zry-4 
253 separated from Zry-4 metal matrix and relocated. Still, a large fraction of Zry-4 metal matrix 
254 was observed. Fig. 12b shows an enlarged view of the reaction zone on the right side of Zry-4. 
255 The double-layered oxide scale became non-continuous. Also, isolated ZrO2 particles were 
256 observed in the reaction zone.
257
258 To summarize, chemical reactions occurred immediately in the reaction couples of pre-
259 oxidized Zry-4 and 304SS-B4C melt after contact, leading to dissolution of ZrO2 oxide scale 
260 and formation of a reaction zone located between the reaction couples (t ≤ 15 min). At 60 min, 
261 the initially formed reaction zone located between the reaction couples was not observed 
262 anymore. Instead, two new reaction zones were formed in the matrix of ZrO2 oxide scale, 
263 leaving a residual ZrO2 oxide layer behind the outer reaction zone. At 90 min, the residual 
264 ZrO2 oxide layer disappeared and the reaction zones evolved both in size and composition. At 
265 180 min, a large fraction of Zry-4 metal matrix remained and ZrO2 oxide scale became non-
266 continuous. Compositions of the reaction zones changed insignificantly.
267
268 3.1.3. Porous oxide scale
269 Porous ZrO2 oxide scale formed on Zry-4 also significantly delayed the interactions between 
270 Zry-4 and 304SS-B4C melt. Fig. 13 shows the microstructure of the reaction couples 
271 including 304SS-B4C melt and pre-oxidized Zry-4 covered with a 90-μm-thick porous oxide 
272 scale after annealing for 60 min (Test T3). A very thick ZrC layer was formed between the 
273 reaction couples. Next to the ZrC layer, a residual ZrO2 oxide layer was observed. The total 
274 thickness of the two layers is roughly around 90 μm, which is equal to the initial thickness of 
10
275 the porous oxide scale. This, therefore, suggests that the ZrO2 scale was consumed only for 
276 forming the ZrC layer. Ahead of the residual oxide layer, a typical reaction zone consisting of 
277 two layers as in the reaction couples annealed for 15, 90, and 180 min (Figs. 8, 11 and 12) 
278 was observed. The thickness of the reaction zone excluding the ZrC layer and the residual 
279 ZrO2 oxide layer is around 120 μm, which is much larger than that in the case of dense oxide 
280 scale (26 μm). This clearly indicates that porous oxide scale is much less protective than 
281 dense oxide scale.
282
283 3.2. Reaction kinetics
284 To quantitatively describe the dissolution rate of dense ZrO2 oxide scale, the average 
285 thickness of remaining oxide scale was plotted as a function of time in Fig. 14. The 
286 dissolution process can be described in three stages with different dissolution rates. During 
287 the first stage (t ≤ 60 min), the thickness of ZrO2 oxide scale linearly decreases with time, 
288 indicating a reaction-controlled process. The dissolution rate of ZrO2 oxide scale (Rd) in the 
289 first stage is expressed in Eq. (1). It is independent of time and oxide scale thickness. ZrO2 
290 dissolution rate became significantly lower in the second stage (60 min < t ≤ 90 min). This 
291 may be related to the residual ZrO2 oxide layer formed at 60 min (Fig. 9). The residual oxide 
292 layer located behind the reaction zone was not in direct contact with α-Zr. The special 
293 distribution disadvantages its dissolution. During the third stage (90 min < t ≤ 180 min), ZrO2 
294 dissolution rate increases obviously but is still lower than that in the first stage. This is 
295 consistent with the observations that ZrO2 oxide scale became non-continuous and isolated 
296 ZrO2 oxide particles were located in the reaction zone, both of which are disadvantageous to 
297 ZrO2 dissolution. 
298 (1)Rd = 0.79 μm/min
299
300  Fig. 15 shows the average thickness of the reaction zone versus time for the case of dense 
301 oxide scale. Generally, the thickness of reaction zone linearly increases with time when 
302 excluding the data point at 60 min, indicating that growth of reaction zone is a reaction-
303 controlled process. The constant growth rate of reaction zone (Rg) is expressed in Eq. (2) 
304 when neglecting local deviations. Locally, we noticed that from 15 min to 60 min, reaction 
305 zone growth rate was extremely slow. This is because that initially formed reaction zone 
306 between the reaction couples was dissolved and new reaction zones were formed (Fig. 9). 
307 From 60 min to 90 min, reaction zone growth was accelerated. This is attributed to the fact 
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308 that the newly-formed outer reaction zone at 60 min was insufficient in Fe, Cr, and Ni, 
309 compared with the reaction zones formed at other times. Therefore, additional Fe, Cr and Ni 
310 would diffuse into the newly-formed outer reaction zone after its formation, accelerating its 
311 growth. 
312 (2)Rg = 1.80 μm/min
313
314  4. Discussion
315 In this work, we observed that presence of ZrO2 oxide scale on Zry-4 significantly delayed 
316 the interactions between Zry-4 and 304SS-B4C melt, especially when ZrO2 oxide scale was 
317 dense. Dissolution of ZrO2 oxide scale and growth of reaction zone occurred simultaneously. 
318 Moreover, both the two processes are controlled by surface reaction. This is very different 
319 from the chemical reactions between pre-oxidized Zry-4 and solid 316 stainless steel (316SS) 
320 reported by Hofmann et al. [2]. According to Hofmann et al. [2], solid 316SS did not react 
321 with pre-oxidized Zry-4 until ZrO2 oxide scale was completely dissolved into Zry-4 metal 
322 matrix. Moreover, dissolution of ZrO2 oxide scale and growth of reaction zone are both 
323 controlled by diffusion. The two processes proceed much faster in the reaction couples of 
324 Zry-4 and solid 316SS than in the reaction couples of Zry-4 and 304SS-B4C melt (Figs. 14 
325 and 15). In the study by Hofmann et al. [2], annealing of pre-oxidized Zry-4 and solid 316SS 
326 was performed with pre-oxidized Zry-4 crucibles into which short cylindrical rods of 316SS 
327 were pressed and closed gas-tight by a conical Zry-4 plug under flowing Ar atmosphere. In 
328 the present study, however, pre-oxidized Zry-4 plates and 304SS-B4C particles were 
329 contained in open ZrO2 crucibles and annealed under flowing H2O-Ar atmosphere. Obviously, 
330 the experimental arrangement in Hofmann’s study is quite different from that in the present 
331 study in three aspects. First, ZrO2 oxide scale is thinner (50 μm vs 93 μm) but remaining 
332 metal matrix is thicker (3.23 mm vs 0.71 mm) in Hofmann’s study. However, in both cases, a 
333 single α-Zr phase will be formed when equilibrium between ZrO2 and α-Zr is reached, based 
334 on the Zr-O phase diagram (Fig. 16). Therefore, the different specimen shapes and 
335 dimensions may be not responsible for the different dissolution behaviours. Second, in 
336 Hofmann’s study, chemical reactions occurred in flowing Ar atmosphere where oxygen 
337 partial pressure is insufficient to oxidize Zry-4. In this work, however, H2O-Ar mixture was 
338 used. The present gas atmosphere is closer to that in nuclear reactors. On the one hand, 
339 oxygen was transported from gas phase to 304SS-B4C melt during annealing, increasing 
340 oxygen content in the melt. On the other hand, carbon and boron consumed oxygen, 
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341 decreasing oxygen content in the melt. Therefore, near the surface of 304SS-B4C melt, 
342 oxygen content was high enough to further oxidize Zry-4 (Figs. 9a and 11a). In deep 304SS-
343 B4C melt, however, oxygen content was too low to further oxidize Zry-4. Consequently, 
344 dissolution of ZrO2 oxide scale occurred (Figs. 7-9 and 10-13). Therefore, in both cases, 
345 chemical reactions occurred under oxygen starvation condition. Third, in Hofmann’s study, 
346 pre-oxidized Zry-4 was in contact with solid 316SS. In this work, pre-oxidized Zry-4 was in 
347 contact with 304SS-B4C melt. The chemical composition of 316SS is only slightly different 
348 from 304SS [27]. The biggest difference is the addition of B4C. On the one hand, B4C 
349 decreases the melting point of 304SS below 1300 ºC. On the other hand, carbon directly 
350 reacted with ZrO2 at the early stages of annealing, forming ZrC in ZrO2 oxide scale (Fig. 6). 
351 At the later stages, direct interactions between carbon and ZrO2 oxide scale were not 
352 observed. Boron did not directly interact with ZrO2 oxide scale. Therefore, we may conclude 
353 that the different dissolution behaviours of pre-oxidized Zry-4 in contact with solid 316SS 
354 and with 304SS-B4C melt may be attributed to the addition of B4C. B4C makes 304SS into 
355 liquid at 1300 ºC.  Possibly, dissolution of pre-oxidized Zry-4 in contact with solid stainless 
356 steel and with liquid stainless steel occurs via different mechanisms, as will be discussed 
357 below. 
358
359 ZrO2 oxide alone is very stable in liquid steel [28]. This could be seen from the negligible 
360 chemical interactions between ZrO2 crucible and 304SS-B4C melt (Fig. 5). However, ZrO2 
361 oxide scale formed on Zry-4 was significantly dissolved by 304SS-B4C melt (Figs. 6, 8, 9, 11, 
362 12 and 13). This is attributed to the presence of Zry-4 metal matrix consisting of α-Zr and β-
363 Zr. Zry-4 claddings oxidized above the β-Zr transformation temperature (975 ºC [29]) consist 
364 of three layers, i.e., an outer ZrO2 oxide layer, a middle oxygen-rich α-Zr layer and an inner 
365 oxygen-poor β-Zr layer [30]. At 1300 ºC, oxygen solubilities in α-Zr and β-Zr are around 30 
366 at.% and 5 at.%, respectively (Fig. 16). According to the Zr-O phase diagram (Fig. 16), 
367 maximum two phases coexist in equilibrium. Therefore, pre-oxidized Zry-4 is not in 
368 thermodynamic equilibrium state. Stuckert and Veshchunov [31] studied the behaviour of 
369 ZrO2 oxide scale on Zry-4 under oxygen starvation condition. According to their studies, 
370 relatively thin ZrO2 oxide completely transformed into α-Zr phase after a long annealing time. 
371 During annealing, ZrO2 oxide scale shrunk while α-Zr layer expanded. Also, α-Zr 
372 precipitates were formed at the grain boundaries of ZrO2 oxide scale especially in the regions 
373 near the metal-oxide interface. Dissolution behaviour of relatively thick ZrO2 oxide scale is 
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374 quite complicated and will not be discussed here. The dissolution process for relatively thin 
375 ZrO2 oxide scale could be described with the below equation:                    
376 ZrO2 + α-Zr → 2α-Zr↑ (3)
377 α-Zr↑ means higher oxygen content in α-Zr. The process described in Eq. (3) occurs at the 
378 metal-oxide interface as well as at the grain boundaries of ZrO2 oxide scale near the metal-
379 oxide interface. In the reaction couples of pre-oxidized Zry-4 and solid 316SS [2], ZrO2 oxide 
380 scale may be dissolved via this process.   
381
382 In the reaction couples of pre-oxidized Zry-4 and 304SS-B4C melt, complete dissolution of 
383 ZrO2 oxide scale was observed to occur at its external surface. Similarly, partial dissolution 
384 of relatively thick ZrO2 oxide scale at its external surface was observed by Stuckert and 
385 Veshchunov [31] at the late stages of annealing of pre-oxidized Zry-4. Ddissolution of ZrO2 
386 oxide scale in 304SS-B4C melt could be divided into two steps. First, ZrO2 oxide scale 
387 completely decomposes, releasing oxygen and zirconium elements. Second, oxygen diffuses 
388 inward to react with α-Zr layer. Zirconium diffuses outward to react with 304SS-B4C melt. 
389 The overall reaction could be described with the below equation:
390 ZrO2 + α-Zr → α-Zr↑ + [Zr] (4)
391 [Zr] means dissolved Zr in 304SS-B4C melt. Compared with Eq. (3), Gibbs free energy 
392 change in Eq. (4)  is more negative as the thermodynamic activity of [Zr] is far less than unity. 
393 Zr content in 304SS-B4C melt was measured at 0.11 wt.% after annealing for 60 min. 
394 Therefore, dissolution of ZrO2 oxide scale, following Eq. (4), is more thermodynamically 
395 favourable. Moreover, an oxygen concentration gradient is built in ZrO2 oxide scale due to 
396 the inward transportation of released oxygen to α-Zr layer (Fig. 10). This may suppress the 
397 interactions between ZrO2 and α-Zr at the metal-oxide interface as described in Eq. (3). 
398 Therefore, dissolution of ZrO2 oxide scale occurred at its external surface in the reaction 
399 couples of pre-oxidized Zry-4 and 304SS-B4C melt. It is not definitely clear why dissolution 
400 of pre-oxidized Zry-4 in contact with solid 316SS proceeds via a thermodynamically less 
401 favourable mechanism described by Eq. (3). Possibly, incorporation of Zr into solid 316SS is 
402 energetically difficult because of the solid state of 316SS as well as the presence of gap 
403 between the reaction couples.  
404
405 Different dissolution mechanisms of ZrO2 oxide scale lead to different chemical reaction 
406 rates. ZrO2 oxide scale in the reaction couples of pre-oxidized Zry-4 and 304SS-B4C melt 
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407 completely loses oxygen. On the contrary, ZrO2 oxide scale in the reaction couples of pre-
408 oxidized Zry-4 and solid 316SS partially loses oxygen. Apparently, complete dissolution of 
409 ZrO2 oxide scale is slower than partial dissolution. Moreover, dissolution of ZrO2 oxide scale 
410 provides Zr source for the growth of reaction zone. Therefore, slow dissolution of ZrO2 oxide 
411 scale in the reaction couples of pre-oxidized Zry-4 and 304SS-B4C melt leads to slow growth 
412 of reaction zone. 
413
414 The chemical interactions between pre-oxidized Zry-4 and 304SS-B4C melt were observed to 
415 proceed non-uniformly. The regions with gap (gas bubbles), which locally existed between 
416 ZrO2 oxide scale and 304SS-B4C melt, have much slower chemical reactions, compared with 
417 the regions without gap. The presence of gas bubbles affects mass transportation across the 
418 reaction couples. Therefore, we think that gas bubbles locally trapped between the reaction 
419 couples are responsible for the non-uniform reactions. In thermodynamics, gas bubbles prefer 
420 staying between the reaction couples than staying in the bulk of the melt. The gas bubbles 
421 may be CO bubbles formed due to carbon-oxygen reaction. Boron addition instead of B4C 
422 addition avoids the formation of CO bubbles during annealing. Thus, uniform chemical 
423 interactions may be obtained.
424
425 During annealing of pre-oxidized Zry-4 and 304SS-B4C melt, inward oxygen diffusion from 
426 ZrO2 oxide scale to α-Zr results in higher oxygen content in α-Zr (Fig. 10). According to the 
427 Zr-O phase diagram (Fig. 16), when equilibrium reaches, heavily pre-oxidized Zry-4 consists 
428 of ZrO2 and oxygen-saturated α-Zr. According to Eq. (9), the chemical interactions may 
429 cease when α-Zr becomes oxygen-saturated. In other words, the system consisting of ZrO2 
430 and oxygen-saturated α-Zr may be stable in 304SS-B4C melt. Further studies are necessary to 
431 confirm this. 
432
433 5. Conclusions
434 In this work, we studied the chemical interactions between pre-oxidized Zry-4 and 304SS-
435 B4C melt at 1300 ºC. Bare Zry-4 was completely dissolved in 304SS-B4C melt within 60 min. 
436 Presence of ZrO2 oxide scale on Zry-4 significantly delayed the interactions between pre-
437 oxidized Zry-4 and 304SS-B4C melt, especially when ZrO2 oxide scale was dense. Typically, 
438 the reaction zone consists of ZrB2, Zr6(Fe,Ni,Cr)23 and Fe-Ni-Cr metallic phase at room 
439 temperature. 
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440
441 Due to the presence of α-Zr and β-Zr in Zry-4 metal matrix, ZrO2 oxide scale becomes 
442 thermodynamically unstable. Dissolution of ZrO2 oxide scale and growth of reaction zone 
443 occurred simultaneously at the interface of pre-oxidized Zry-4 and 304SS-B4C melt. 
444 Dissolution of dense ZrO2 oxide scale can be described in three stages with different 
445 dissolution rates. Generally, the thickness of reaction zone linearly increases with time.
446
447 Compared with the reaction couples of pre-oxidized Zry-4 and solid 316SS, both ZrO2 
448 dissolution rate and reaction zone growth rate are much slower in the reaction couples of pre-
449 oxidized Zry-4 and 304SS-B4C melt. Dissolution of pre-oxidized Zry-4 in contact with solid 
450 316SS and with 304SS-B4C melt occurs via different mechanisms. 
451
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Figure captions
Fig. 1 Schematic diagram of the experimental set-up for annealing tests.
Fig. 2 Microstructure of the reaction couples including bare Zry-4 and 304SS-B4C melt 
annealed at 1300 ºC for 60 min; (a) Overview of the microstructure; (b) and (c) Enlarged 
views of rectangles a and b, respectively
Fig. 3 Elemental mappings of the reaction zone near 304SS-B4C solidified melt after 
annealing at 1300 ºC for 60 min; Bare Zry-4.
Fig. 4 The phase diagram of Zr-Fe system. Reprint from Ref. [22] with the permission of 
Springer.
Fig. 5 Microstructure of the ZrO2 crucible in contact with 304SS-B4C melt for 60 at 1300 ºC.
Fig. 6 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 5 min; Dense oxide scale, 93 μm.
Fig. 7 Elemental mappings of the reaction zone near 304SS-B4C solidified melt after 
annealing at 1300 ºC for 5 min; Dense oxide scale, 93 μm
Fig. 8 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 15 min; Dense oxide scale, 93 μm.
Fig. 9 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 60 min; Dense oxide scale, 93 μm. (a) Overview of the 
microstructure; (b) Enlarged view of the region indicated by the rectangle; (c) Zr, O and Fe 
mappings of the whole region shown in Fig. 9b.
Fig. 10 Composition profile of Zry-4 metal matrix along the dashed arrow in Fig. 9b.
Fig. 11 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 90 min; Dense oxide scale, 93 μm.
Fig. 12 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 180 min; Dense oxide scale, 93 μm.
Fig. 13 Microstructure of the reaction couples including pre-oxidized Zry-4 and 304SS-B4C 
melt annealed at 1300 ºC for 60 min; Porous oxide scale, 90 μm.
Fig. 14 Average oxide scale thickness versus time for the case of dense oxide scale annealed 
at 1300 ºC. The error bars represent the standard deviation (σ).
Fig. 15 Average reaction zone thickness versus time for the case of dense oxide scale 
annealed at 1300 ºC. The error bars represent the standard deviation (σ).
Fig. 16 The phase diagram of Zr-O system. Reprint from Ref. [32] with the permission of 
Springer.
20
Table captions
Table 1 Details of the experimental conditions.
Table 2 Chemical compositions of the phases indicated in Fig. 2, at.%.
Table 3 Chemical compositions of the ZrO2 crucible, wt.%.
Table 4 Chemical compositions of spots indicated by plus sign in Figs. 6 and 9, at.%.
















